Ethane formation, as a measure of lipid peroxidation, was studied in spinach (Spinacia okracea L.) chloroplasts exposed to sulfite. Ethane formation required sulfite and light, and occurred with concomitant oxidation of sulfite to sulfate. In the dark, both ethane formation and sulfite oxidation were inhibited. Ethane formation was stimulated by ferric or ferrous ions and inhibited by ethylenediamine tetraacetate. The photosynthetic electron transport modulators, 3-(3,4dichlorophenyl)-1,1-dimethylurea (DCMU) and phenazine methosulfate, inhibited both sulfite oxidation and ethane formation. Methyl viologen greatdy stimulated ethane formation, but had littie effect on sulfite oxidation. Methyl viologen, in the absence of sulfite, caused only a small amount of ethane formation in comparison to that produced with sulfite alone. Sulfite oxidation and ethane formation were effectively inhibited by the radical scavengers, 1,2-dihydroxybenzene-3,5-disulfonic acid and ascorbate. Ethanol, a hydroxyl radical scavenger, inhibited ethane formation only to a smal degree; formate, which converts hydroxyl radical to superoxide radical, caused a small stimulation in both sulfite oxidation and ethane formation. Superoxide dismutase inhibited ethane formation by 50% when added at a concentration equivalent to that of the endogenous activity. Singlet oxygen did not appear to play a role in ethane formation, inasmuch as the singlet oxygen scavengers, sodium azide and 1,4-diazobicyclo-12,2,21-octane, were not inhibitory. These data are consistent with the view that 02 is reduced by the photosynthetic electron transport system to superoxide anion, which in turn initiates the free radical oxidation of sulfite, and the free radicals produced during sulfite oxidation were responsible for the peroxidation of membrane lipids, resulting in the formation of ethane.
Sulfur dioxide is a major air pollutant causing damage to plants. The increasing demand for the use of coal for power generation may lead to an increase in SO2 pollution (28) . Various physiologic parameters are affected in plants exposed to SO2. These include inhibition of photosynthesis and growth rate which can occur without visible injury (13) . One of the first ultrastructural changes observed in plants exposed to SO2 is damage to chloroplast membranes (9, 13, 34) , resulting in a loss of membrane integrity, which is vital to all processes in the plant. Proteins are susceptible to attack by sulfite (30) which could lead to altered membrane structure and function. Recent work from our laboratory (20) branes. Inasmuch as these two fatty acids comprise approximately 75% of those found in chloroplast membranes, peroxidation of these fatty acids may be an important factor contributing to damage in vivo.
Sulfite can undergo very rapid oxidation to sulfate through a free radical mechanism which predominates at low concentrations (1, 30) . Free radicals produced during the oxidation of sulfite have been reported to effect the in vitro destruction of methionine and tryptophan (35, 36) , indole-3-acetic acid (37) , Chl (26) , fl-carotene (25) , and oxidized NADH and NADPH (33) . Also the peroxidation of linolenic and linoleic acids has been attributed to free radicals produced during sulfite oxidation (20) .
Because chloroplasts are rich in linoleic and linolenic acid and appear to be an early site of damage by SO2, we have studied whether sulfite could induce lipid peroxidation in chloroplasts via free radical mechanisms.
MATERIALS AND METHODS
Chloroplasts were isolated from spinach (Spinacia oleracea L.) obtained from a local grower or from a market. Leaves were passed through a juice extractor (Acme Supreme) along with isolation medium containing 50 mm phosphate buffer (pH 7.8), 0.33 M sorbitol and 2 mM MgCl2 at 0°C. Chloroplasts were passed through Miracloth and then centrifuged 2 min at 1,700g. The pellet was resuspended in incubation medium (same as the isolation medium except that 100 mm glycylglycine [pH 7.8] was used instead of phosphate buffer) and then layered on top of Percoll medium (40%Yo [v/v] Percoll in incubation media). This was centrifuged in a swinging bucket rotor for 5 min at 3,000g. Broken chloroplasts remained at the buffer-Percoll interface while intact chloroplasts penetrated the Percoll. Intactness was 80%o or greater as estimated by the ferricyanide method (19) . Freeze-treated chloroplasts were prepared by placing broken chloroplasts at -10°C overnight.
Lipid peroxidation from chloroplasts was determined by measuring ethane formation (6, 8) . A standard reaction mixture containing chloroplasts (400 ,jg Chl) and 0.1 ,umol FeCl3 in 1 ml incubation medium was incubated in a 10-ml Erlenmeyer flask, which was sealed with a serum stopper and gently shaken at 25°C over a 15 w cool-white fluorescent lamp which provided 200 ,uE. m-2-s 1of illumination. Seven pl of solution containing 1.4 ,umol Na2SO3 plus 0.7 nmol EDTA or 1.4 ,mol Na2SO4 plus 0.7 nmol EDTA in controls were added every 3 min using a syringe with hypodermic needle. EDTA was included in the sulfite solution to prevent autooxidation. At various times, the gas headspace was sampled and injected into a gas chromatograph equipped with an alumina column for ethane measurement.
Sulfite oxidation was measured both by sulfite determination using the pararosaniline method (29) and by measuring 02 uptake. 02 uptake was determined in a 3 ml reaction mixture containing 200 ug Chl with a Clark 02 electrode under darkness or under 1,500 ,uE m2.s-of red illumination.
Ethane, derived from the decomposition of the 16-hydroperoxide of linolenic acid, has been used in many systems as a measure of lipid peroxidation (6, 8, 27) . In broken and intact chloroplasts sulfite greatly stimulated ethane production compared with sulfate (sulfate was always added to controls) ( Table  I) . Sulfite caused approximately a 10-fold increase in ethane production in intact chloroplasts as compared to the sulfate control. The effect of sulfite, however, was even more marked in broken chloroplasts. Ethane production from freeze-treated broken chloroplasts produced the greatest amounts of ethane (Table  I) .
Differences in sulfite-induced ethane formation were consistently observed with chloroplasts isolated from spinach grown in different seasons. Chloroplasts from winter spinach produced more ethane (800-900 pmol/h) than those from spring spinach (300-400 pmol/h). The effects of certain metals were examined to determine if ethane formation could be increased in chloroplasts from spring spinach. Ethane formation was enhanced by the addition of 100 uM FeCl3 and greatly reduced by 1 mm EDTA (Fig. 1) . FeSO4 was as effective as FeCI3, whereas CuCl2 (100 ltM) had no effect upon ethane production. Whether an inhibitor was present or lower concentrations of stimulators (such as metal ions) were present in spring compared to winter spinach was not examined. FeCl3 was routinely added to the incubation media. When FeCl3 was deleted, less ethane was formed, although no qualitative changes were observed. In some systems (17) , cupric or cuprous ion modifies the ratio of ethylene to ethane produced from linolenic acid, but in our system it had little effect upon this ratio. Ethylene production was usually only 3% or less of the ethane production.
Light was very important for sulfite-induced ethane formation. In the dark only about 10 to 20 pmol ethane was produced after 1 h in the presence or absence of sulfite with or without FeCl3 (Fig. 1 ). MnCl2 was not added to the isolation or incubation medium because it promoted ethane production in the dark with sulfite. In several systems Mn2' has been used to initiate the free radical oxidation of sulfite (26, 35, 36, 37) .
Sulfite oxidation, measured by sulfite loss, occurred throughout the incubation period although complete oxidation did not occur (Fig. 2) . The amount of sulfite added, 1.4 ,umol every 3 min, was necessary because a 25% reduction in sulfite concentration caused a 70% reduction in ethane formation. One explanation for these results is that a portion of the sulfite reacted with some chloroplast component forming a complex or adduct which was stable against oxidation, yet it would react with pararosaniline reagent in the sulfite assay. In the dark, little sulfite was oxidized with or without 100 jM FeCF3 (data not shown). When sulfite oxidation was measured using the 02 electrode, the 02 uptake rate in dark was approximately 24 nmol/min, whereas that in the light was approximately 240 nmol/min, measured in a 3-ml volume. These rates are similar to those obtained by Asada and Kiso (3) (Table II) . The participation of free radicals was implicated by the effective inhibition of both sulfite oxidation and ethane formation by the radical scavengers, tiron and ascorbate (Table III) . Tiron has been reported to be a specific scavenger for 02 (12) , but recent evidence indicates that it also effectively scavenges hydroxyl radical (5). Ascorbate can likewise react with 02 and hydroxyl radical (14) .
EthanoL a hydroxyl radical scavenger, caused a small amount of inhibition of ethane formation; formate, which converts hydroxyl radical to 02 (4), caused a small stimulation of ethane formation and sulfite oxidation. The participation of hydroxyl radical is further suggested from preliminary observations that when mannitol was used in place of sorbitol as osmoticum, an inhibition of ethane production was observed. Mannitol is a hydroxyl radical scavenger and approximately twice as effective as sorbitol in this respect (3) . Glycylglycine was specifically chosen as the buffer since Tricine and Hepes inhibited ethane formation. Asada and Kiso (3) also reported that Tris and Tricine inhibited sulfite oxidation in illuminated chloroplasts.
The close interrelation between sulfite oxidation and ethane formation and their dependence upon photosynthetic electron transport is demonstrated in the above results. In the absence of photosynthetic electron transport in the dark (Fig. 1) or upon its inhibition with DCMU and PMS (Table II) , sulfite oxidation and ethane formation were inhibited. Also, the radical scavengers tiron and ascorbate effectively inhibited both sulfite oxidation and ethane formation.
Inasmuch as singlet oxygen has been reported to be involved in the peroxidation of chloroplast lipids (31), we examined the effect of DABCO and sodium azide (Table III) . DABCO has been used as a singlet oxygen scavenger, although recent evidence indicates it also can serve as an effective radical scavenger (24) . Sodium azide is considered an effective quencher of singlet oxygen with a rate constant of 2.2 x 108 M-1.S-at 0.5 mM (15) . Results from these two compounds (Table III) do not indicate the participation of singlet oxygen in the production of ethane in our system. Chloroplasts contain both the Cu, Zn, and the Mn forms of superoxide dismutase (2) . The stimulation of ethane formation and sulfite oxidation with azide and cyanide (Table III) ethane formation with superoxide dismutase (Table IV) . The amount of superoxide dismutase added was equivalent to the amount of endogenous enzyme activity of intact chloroplasts as determined by the xanthine:xanthine oxidase assay. The lack of complete inhibition with superoxide dismutase suggests that either another radical in addition to 02 is involved or the site of 02 formation, presumably on the thylakoid membranes, is not easily accessible by the exogenously added superoxide dismutase; in contrast, this site might be more accessible to a much smaller molecule like tiron which renders it a more effective inhibitor. Although the small inhibition by catalase indicates that H202 was participating in ethane formation, in intact but not broken chloroplasts, an effective H202 scavenging system exists (23) which presumably would greatly reduce the participation of H202 in intact leaves. Since BSA had no effect upon ethane formation, the effects of superoxide dismutase and catalase were catalytic and not simply a nonspecific protein effect.
In most of these experiments FeCl3 was present along with a small amount of EDTA (0.7 nmol added every 3 min with S032-). metals (1, 35) , photosensitized dyes (26) and enzymic reactions (10), all of which produce free radicals. The superoxide radical appears to be the radical responsible for initiation in some of these cases (35) , and a scheme for this reaction has been proposed (1, 35 042-+ 2H+
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Sulfite oxidation is maintained by the propagation reactions (equations 1, 2, 3) with the production of 02-, OH. and SO3-.
The termination reactions (equations 4, 5, 6) lead to sulfate formation. Asada and Kiso (3) reported that photosynthetic electron transport of illuminated chloroplasts initiated the aerobic free radical oxidation ofsulfite. Experimental evidence indicates that 02 serves as an electron acceptor on the reducing side of PSI forming 02 (2, 11) which in turn initiates sulfite oxidation. Our results are similar to those reported by Asada and Kiso (3) , showing the dependence of sulfite oxidation on photosynthetic electron transport. They observed inhibition of sulfite oxidation by DCMU and radical scavengers as we observed (Tables II and III) . Our results link photosynthetic electron transport-initiated sulfite oxidation to the peroxidation of membrane lipids in chloroplasts, by which SO2 damage to plants might be mediated. In each experiment where sulfite oxidation was either inhibited or stimulated, ethane formation responded likewise, except for the experiment with MV. MV increased ethane formation 6-to 7-fold over that caused by sulfite alone (Table II) (Fig. 2) . One possible explanation is that MV cation interacts with sulfite or products of sulfite oxidation producing a very reactive species which greatly enhances ethane formation without affecting sulfite oxidation.
Sulfite-induced lipid peroxidation has been reported in corn oil emulsions (16) (9) (10) (1 1) The authors suggested that SO3-, which could result from equation 1 or 3, was the important radical which mediated the propagation steps via addition (equation 7) and hydrogen abstraction (equation 9). Hydrogen abstraction from polyunsaturated fatty acids is considered to be one of the primary steps in the free radical-mediated peroxidation of polyunsaturated fatty acids (22) . Similarly, hydrogen abstraction from NADH by S03-has been demonstrated during the sulfite-mediated oxidation of NADH to NAD (33) . Based on this information and our results, we propose that of the radicals formed during the 02 initiated sulfite oxidation (equations 1, 2, 3) S03-is the primary radical causing the peroxidation of chloroplast lipids. OH. appears to play only a minor role since ethanol and formate had small effects upon ethane formation (Table III) . 02 alone does not appear to be important in ethane formation since MV, which facilitates 02 formation without sulfite, caused a relatively small amount of ethane formation (8%) as compared with that caused by sulfite (Table II) .
However, we cannot exclude the possibility that lipid peroxidation results from an interaction of two or more radicals rather than only one radical. An alternative explanation for the enhanced ethane production from sulfite and MV is that this synergism results from an interaction between 02, at an increased concentration resulting from MV, and other radicals from sulfite oxidation. Kong and Davison (18) have shown that interactions between oxy radicals could lead to greater amounts of membrane permeability in erythrocyte ghosts than was expected from the summed effects of the individual radicals.
An outline ofour results is presented in Figure 3 . Photosynthetic electron transport provides electrons to reduce 02 to 02-which initiates sulfite oxidation. Radicals produced from sulfite oxidation then lead to the peroxidation of membrane lipids resulting in the formation of ethane.
Further work is needed to determine whether this free radical mechanism of sulfite-induced lipid peroxidation plays an important role in the in vivo damage to plants exposed to SO2. However, regardless of the specific mechanism, there is evidence from in vivo experiments implicating free radicals, specifically 02, in S02 phytotoxicity. Tanaka and Sugahara (32) have reported that young poplar leaves contained more superoxide dismutase activity and were more resistant to S02 injury than old leaves. Also, they observed that low levels of S02 could induce superoxide dismutase activity in leaves and these leaves were subsequently more resistant to injury by high levels of SO2 than leaves without the prefumigation.
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